We performed radiofrequency (RF) reflectometry measurements at 2−4 GHz on electrolyte-gated graphene field-effect transistors (GFETs) utilizing a tunable stub-matching circuit for impedance matching. We demonstrate that the gate voltage dependent RF resistivity of graphene can be deduced even in the presence of the electrolyte which is in direct contact with the graphene layer.
AC electric field due to the viscosity of the solution.
21 As a result, the electrolyte behaves as a pure dielectric at microwave frequency and the RF shunt gate capacitance is negligible considering that the physical gate electrode in the electrolyte can be placed far away from the graphene samples.
In this work, we explore the RF properties of electrolyte-gated GFETs by using an RF reflectometry technique. We demonstrated that it is possible to deduce the gate dependent RF resistivity of graphene at microwave frequencies by modeling the graphene sheet as an RC dissipative transmission line. The extracted RF resistivity of graphene is found to be consistent with its DC counterparts in the full gate voltage range. As a proof-of-principle for high-speed sensing applications in liquids, we demonstrate in addition nanosecond timeresolved measurements in electrolytes. We believe that this work opens the avenue for further research on a new generation of biochemical sensors. For example, owing to its wide bandwidth and significantly reduced 1/f noise at high frequencies, our graphene RF device will enable ultrafast measurements with a good detection limit, allowing to explore new phenomena and physics at the solid-liquid interface.
In reflectometry the intensity of the reflected wave of an RF signal is measured relative to the input signal yielding the frequency dependent reflection coefficient S 11 . This value depends on the load impedance. The sensitivity to the load is optimized if the load impedance matches the characteristic impedance of the transmission line at 50 Ω. In our graphene devices, typical resistances are in the range of 1 − 100 kΩ, which is far off the matching value of the transmission line. To achieve a better signal, we use the recently developed approach
22,23
based on stub-matching 24 . Here, a stub is added to the waveguide to realize an impedance matching circuit that converts the large impedance of the graphene devices to a value close to 50 Ω. The stub-matching circuit is realized on a printed circuit board (PCB, RO4003C) with coplanar waveguides (CPWs) and ground planes made from a 40 µm Cu film with an additional 3 − 6 µm Ni/0.1 µm Au plating and integrated with the graphene sample, see connected via a bias tee to the PCB. The bias tee is needed for DC measurements. All the components are placed at room temperature. Impedance matching is achieved by shunting the CPW connecting to the graphene sample by a stub placed at a distance of d 1 from the sample (Fig. 1b) . The stub itself is a CPW with a length d 2 and is terminated by a varactor diode. The capacitance C d of the diode can be tuned by applying a DC voltage V d through an additional on-chip bias tee as depicted in Fig. 1a layer of epoxy is put on a teflon substrate and a piece of graphene on copper is carefully placed over it upside down. The graphene flake is in direct contact with epoxy and on the opposite side the copper layer faces air. The edges of the Cu surface are then manually covered with PMMA as an easy way to obtain source and drain electrodes after etching the Cu film in the middle. Due to the good adhesion of the graphene flake on epoxy, the exposed Cu can be etched away in an ammonium persulfate solution leaving the intact graphene un-derneath. Afterwards, the PMMA can be carefully peeled away to release the Cu electrodes.
Such fabricated GFETs on teflon substrates are placed at the end of the stub tuner and connected with wire bonds. At the end of fabrication, an additional epoxy step is applied to seal the Cu electrodes as well as the bonding wires from liquid. Having established a calibration up to the open end of the CPW, we need to also measure the contact resistance R s and stray capacitance C s of the bonding wires including the bonding pads. These values are obtained by fitting similar curves as in Fig. 3a after removal of the graphene in an O 2 plasma. Consequently, there are only two fitting parameters for each curve in Fig. 3 , C and R . C is related to an effective dielectric constant, while we convert R into a sheet resistance or resistivity ρ given by ρ = R w. The result of the fitting is shown in Fig. 3a as dashed curves. It turns out that all curves can be fitted with the same capacitance value C . The extracted effective ε tef lon = 2.4 is found to be close to the reported dielectric constant of teflon which is 2.1. This strongly supports the proposed model. We stress here that this finding was reached by measurements carried out in both air and liquid environments at different salt concentrations and pH values (not shown).
The gate-dependent resistivity values ρ RF deduced from the S 11 measurements are shown together with the DC measurements ρ DC in Fig. 3b . As can be seen, there is a perfect match between ρ RF and ρ DC . This is in agreement with the notion that the skin effect is negligible in ultra thin monolayer graphene. 16, 19 The graphene RF resistivity ρ RF ranges between 1 and 5 kΩ, yielding a range of 0.4 to 2 kΩ/mm for R . The shunting capacitance per area C = ε o ε tef lon /d ∼ 2 × 10 −8 F/m 2 yields C = 0.5 aF/mm. This predicts a propagation length L λ ∼ 1 − 2.3 mm at 3 GHz, which is rather short. When the graphene sheet is longer than 1 mm, which is the case in the above device, the RF wave cannot propagate to the end, but most of the signal is dissipated before. We therefore stress that it is important to use a transmission line model and not only a fixed two-terminal graphene resistance. The latter parameter can be measured at low frequency. At high frequency the the resistivity is the more natural physical quantity.
Having demonstrated the ability to measure the gate-dependence of the graphene resistivity in an electrolyte, one may wonder how large the attainable measurement bandwidth is. We therefore performed time resolved measurements on the electrolyte-gated GFETs.
The used homodyne measurement setup is sketched in Fig. 4a . A square wave at 2 MHz with a rise time of 7 ns is generated by a pulse generator and applied to the electrolyte gate of the GFET via a Au wire. The peak-to-peak voltage of the square wave is 200 mV and its low level is adjusted to the V CN P of the GFET. At the same time, a −30 dBm RF carrier signal (here at 3.55 GHz) is applied to the input of the stub tuner/GFET device via a directional coupler (−20 dB coupling). The resulting reflected signal exits the output port of the directional coupler and is down-converted to DC using a mixer with the carrier signal as local oscillator. Afterwards the signal is low pass filtered, amplified and recorded by an oscilloscope at a sampling rate of 1 GHz. Fig. 4b GFETs, which consists of the interfacial capacitance C I and the series resistances to which both the water solution and graphene device contribute. First, the DC (or low frequency) interfacial capacitance C I of an electrolyte-gated GFET can be modeled as two capacitors in series. 26, 28 One part is the quantum capacitance of graphene, C Q , which is gate voltage dependent and has its minimum value at the charge neutral point (CNP). The other part is the double layer capacitance, C DL , which is independent to the gate voltage. Here, in our case of moderate to high ionic strength (from 1 mM to 1 M), the double layer capacitance C DL is limited by the Stern layer capacitance C Stern which is on the order of 0.2 F/m 2 . This number is over one order of magnitude larger than the quantum capacitance of graphene C Q ∼0.01 F/m 2 near the CNP at low carrier density. Hence, C Q dominates the interface capacitance in the low frequency regime. 26,28 Secondly, the resistance between the water solution and the graphene flake is inversely proportional to the KCl concentration, R W ∝ 1/c. It can be estimated to be about 10 kΩ to 10 MΩ for KCl concentrations in the range of 1 mM to 1 M.
As a comparison, the resistance of our graphene flake is of the order of kΩ. This is up four to orders of magnitude lower than that of the water solution R W . Based on this discussion, the time constant of the system can be estimated as τ = R W C Q ∝ 1/c. This trend satisfactorily explains the observed KCl concentration dependent rise times of the electrolyte-gated GFET system seen in the inset of 
